The dissociation constants of the m ethylammonium ions and the basic strengths of the methylamines in water The liquid junction potential may be eliminated by an extrapolation method, and by carrying out measurements at different ionic strengths the thermo dynamic dissociation constants may be evaluated.
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This work has now been extended to the primary, secondary and tertiary methylammonium ions whose dissociation constants have been determined at 10° intervals over the range 0-50° C.
E x p e r im e n t a l
The experimental method was essentially the same as in the earlier work but several refinements were introduced.
For the measurement of the e.m.f. we used a Tinsley Vernier potentio meter, reading directly to 0*01 mV, in conjunction with a Cambridge D 'Arsonval galvanometer and a Weston standard cell. The 20, 30, 40 and 50° C thermostats were similar to those previously employed. The 0 and 10° baths were cooled by standing in a Frigidaire refrigerator containing calcium chloride solution. The rate of cooling could be adjusted by varying the depth of immersion of the baths in the refrigerator liquid. Sunvic hot wire vacuum switches were used for the two low-temperature thermostats in conjunction with all-mercury thermoregulators. The temperature control was to within CtOl at 0, 20, 30 and 40° C, and to 0-02 a t 10 and 50° C.
The cells were the same as those used for the ammonia work, apart for slight modifications mentioned below for use with trimethylamine. In the later experiments transfer of the solutions to the cells was carried out in a closed C 02-free system so th at contact with the atmosphere was avoided. All solutions were made up from conductivity water and used immediately after preparation. The amine hydrochlorides, purified as described below, were kept in vacuum desiccators. The e.m.f. of the cells remained constant to 0-01 mV; the reproducibility was usually 0*05mV although deviations of OTOmV occurred occasionally.
In working with trimethylamine buffers the high partial vapour pressure of the amine caused some difficulty. After 1-2 hr. bubbling at 20° C the e.m.f. of the cells fell off very rapidly. This was traced to the removal of trimethylamine from the cell solution by the hydrogen stream; the contents of the bubblers were found to be over one-half depleted in amine after 4 hr. bubbling. Eventually a train of six bubblers with a total capacity of 30 c.c. was found sufficient to produce efficient saturation of the hydrogen stream for the duration of a run. We note in this connexion th a t Harned and Robinson (1928) found th at cells containing ammonia and trimethylamine were less reproducible than those containing mono-or dimethylamine.
The high partial vapour pressure of trimethylamine does not make it necessary, however, to apply any correction to the e.m.f. of the cells since the extrapolation to zero concentration of buffer, the buffer ratios remaining approximately constant, eliminates not only the liquid junction potentials but vapour pressure effects also.
The bases examined are much stronger than ammonia so it is necessary to apply a correction for the removal of amine by the reaction:
am ine+ H 20 = amine H+ + OH'.
Since the activity coefficients of the hydrogen ions are the same in the two cell compartments, we have, neglecting for the evaluation of this correction the liquid junction potential,
from which cH+ in the buffer may be evaluated. The ionic product of water a t different ionic strengths of KC1 is known from the work of Harned and Hamer (1933) so th a t the OH' concentration in the buffer solution may be calculated. The true buffer ratio is then given by r = (camineH+ + cOH')/(camine -cOH')> where camine and camine H+ refer to analytical values.
P urification of materials

Monomethylamine hydrochloride
Three samples of monomethylamine hydrochloride were used. The first had been purified in 1932 by Mr K. T. B. Scott; this was dried for 2 hr. in an oven a t 100° C and at 50 mm. pressure and had m.p. 223-227° C. The other samples were obtained by purification of B.D.H. chemical which was first washed with pure chloroform to remove traces of dimethylamine hydro chloride, the presence of which had been detected in the commercial product by the benzene sulphonyl chloride test. The product was recrystallized from w-butyl alcohol in two portions.. Six to eight extractions were carried out with each portion using 4-6 parts of fresh solvent for each extraction. The crystals were drained on a centrifuge, and after heating 2-3 hr. at 100° C 50 mm. pressure they had m.p. 224-226° C; but they still had a strong odour of w-butyl alcohol. One portion was washed with chloroform, filtered and dried as before and had m.p. 227-231° C. The second portion, which was recrystallized from water, centrifuged and dried, had m.p. 229-233° C (Beilstein Hw, 225-228° C; EgB. I, no definite m.p.). The various samples gave identical results in the e.m.f. measurements.
Dimethylamine hydrochloride
This salt was obtained by purification of the B.D.H. product. I t was recrystallized twice, with centrifuging, from absolute alcohol, then from absolute alcohol with a few drops of concentrated hydrochloric acid, and finally from absolute alcohol. After drying under reduced pressure the product melted sharply a t 170-171° C (Beilstein quotes 171° C). A large number of recrystallizations were necessary owing to difficulty in removing an unidentified impurity which coloured the hot solutions bright green, changing to a brownish colour on cooling. A similar impurity which could neither be isolated nor identified appeared to be present in one sample of trimethylamine hydrochloride but in this case was more easily removed.
Trimethylamine hydrochloride
An old sample of the hydrochloride (B.D.H. 1932) was recrystallized from pure chloroform and then from water, m.p. 278-281° C. A freshly supplied sample (B.D.H.) was recrystallized from chloroform and had m.p. 282-284° C (Beilstein quotes 277° C). Owing to the wastefulness of recrystallizing from water, this second sample was not purified further.
R esults
In tables 1-3 the experimental results for cells containing mono-, di-and trimethylamine respectively are summarized. Readings were not always made exactly a t round temperatures, and the figures given are interpo lated values. The interpolation was, however, not usually over more than a few tenths of a degree corresponding to a change of not more than 0-1 mV in the e.m.f.
The concentrations are expressed in g.mol./lOOO c.c. of solution a t 15° C, and the factor RT/F has been taken as 0°-0019836 T with C + 273 1. Tables 4-6 contain the values of -logAT' a t various concentrations of amine ion and at various ionic strengths; the extrapolated values to zero buffer concentration are given, and at the foot of each table a*e the logarithms of the thermodynamic dissociation constants a t the different temperatures.
In these tables the concentrations of the amine ions have been corrected by taking into account the ionisation of the amines. E 0» E 10. 
Extrapolation to zero buffer concentration
In figure 1 are shown several typical extrapolations for results at 20° C. For monomethylamine the extrapolation is of about the same magnitude as in the case of ammonia, but the effect increases markedly on passing to diand trimethylamine. Furthermore, in the latter cases, the slope of the lines shows a definite tendency to vary both with ionic strength and with tem- perature. In making these extrapolations therefore, we have allowed the slope to increase regularly both with decreasing ionic strength and decreasing temperature. For trimethylamine a t 0° C and at an ionic strength of 0*05n log K' changes by about 0-012 (i.e. 3 % in between 0-01 n buffer con centration and zero, while at 50° C and 0-20n ionic strength the corre sponding change is about 0-002 (i.e. \ in K). of these extrapolations to be roughly ± 0-0010 for monomethylammonium + 0*0020 for dimethylammonium, and ± 0*0030 for trimethylammonium ions.
Dissociation constants and basic strengths of methylamines 507 concentration F igure 2. E xtrapolation to zero ionic strength. Figure 2 a, 6 and c shows the extrapolations of log K' to zero ionic strength. Here again we notice a steady deviation from the simple behaviour of the ammonium ion for which log K' is a linear function of the ionic strength
Extrapolation to zero ionic strength
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to within the accuracy of our measurements. For the methylamines a marked curvature of this plot is observed and the limiting slope of the line is found to vary approximately linearly with temperature, i.e. i.e. at any given temperature AH becomes a linear fun at low ionic strengths. In figure 3 the values of obtained from analysis of the results at various ionic strengths are plotted against I. The relation predicted from the extrapolation graphs is seen to be verified, thus con firming the consistency of the analysis of the results.
Analysis of results and comparison with other work
The three amines we have now examined differ markedly from the ammonium ion in that for them the relation between log K and 1 / T is not linear, indicating that the ionization of the methylammonium ions is accompanied by a change in heat capacity. I t should be noted th a t the inconstancy of the heats of dissociation of these ions implies th a t the relation 2*303R dE/dT = (B + logCjjt-+ logcNH3 -logcNH+), employed in our treatm ent of the temperature coefficients of the cells containing ammonia and ammonium chloride, is inapplicable to cells containing buffer solutions of the other amines. We have analysed our results in terms of the equation
by the same procedure as we have previously employed (Everett and Wynne-Jones 1939) . The slopes of the lines determining and A were evaluated analytically by the method of least squares. The results were analysed at different ionic strengths to obtain data on the influence of ionic strength on the various thermodynamic functions. The results of this analysis are contained in table 7. Table 7 Dissociation constants and basic strengths of methylamines 509 The values of log Z AmH+ have also been combined with Harned and Hamer's (1933) data for the ionization of water in potassium chloride solutions to obtain figures for the equilibrium constants for the basic functions of the amines, e.g. CH3NH 2 + H 20 = CH3NH+ + OH'. Table 8 contains a summary of these values (  and in table 9 we give the other thermodynamic functions for these ionizations at zero ionic strength Table 8 - The early determinations of the basic strength of the methylamines carried out by conductivity methods, giving classical dissociation constants, show on the whole very little agreement with one another. The only deter minations which seem to have been carried out carefully with purified materials are those of Moore and Winmill (1912) and Somerville (1931) , and these are in good agreement with one another. In table 10 these values are compared with our work interpolated to 25° C. We see th a t the conductivity method gives high values of K as is to be expected if allowance is not made for interionic attraction forces. The dissociation constants of the m ethyl amines have also been determined by an e.m.f. method by Harned and Robinson (1928) , and their results recalculated by Harned and Owen (1930) . While the value of the dissociation constant of monomethylamine obtained by these workers is only slightly greater than th a t now reported, their figures for the other two amines are very much lower. I t is our experience th a t errors in the potentiometric method tend to give low values of K. Furthermore, Harned and Owen's calculations involve a rather uncertain extrapolation, and no mention is made of the purity of the amines employed.
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Discussion of results
The most interesting outcome of this work is the discovery th a t there are appreciable and even large heat capacity changes accompanying the dissociation of the substituted ammonium ions. These dissociations involve no change in the number of charges and, on electrostatic grounds, it is to be expected th at for such isoelectric processes the heat capacity change should be small; nevertheless, our value of for the dissociation of the trimethylammonium ion is almost as great as any observed for the dis sociation of an uncharged acid. I t is significant th at with increasing sub stitution of methyl groups in the ammonium ion the values of ACP steadily rise from approximately zero to 43-8 cal./deg. It is difficult to explain these results either on simple electrostatic grounds or by taking into account the orientation of solvent molecules by the ions and it seems probable th at we must also consider the properties of the amine molecules. Examination of the partial pressures of aqueous solutions of ammonia and of the methyl-amines (Felsing and Phillips 1936) shows a steady transition from a strongly concave partial pressure curve for ammonia to a markedly convex curve for trimethylamine; this is also brought out by comparison of the vapour pressures of the pure amines with the Henry s law constants for their dilute aqueous solutions: This behaviour shows clearly that, whereas there is strong attraction between ammonia and water molecules, the substitution of methyl groups for hydrogen atoms reduces this attraction until for trimethylamine the attraction of the amine molecules for one another becomes dominant. This effect is seen very strikingly in the substituted ethylamines, where, as is well known, triethylamine with water shows a lower critical solution temperature at 20°. We believe th a t the strongly hydrophobic character of the alkyl groups in the substituted amines is responsible for the large positive values of ACp in the dissociation of their ions.
We have discussed elsewhere the possibility of interpreting values of ACp for ionization processes on a simple electrostatic basis and we have arrived at the conclusion th a t such an explanation is not plausible. We revert to the m atter because in a recent publication Baughan (1939) has claimed the validity of just such a treatm ent based on the simple electro static theory originally advanced by Born (1920) . Baughan has followed essentially the separation into electrostatic and non-electrostatic effects suggested by Gurney (1938) , but, whereas Gurney assumed th a t the entropy of ionization is a purely electrostatic quantity, Baughan assumes the heat capacity change to be the quantity calculable by the use of Born's equation. In consequence of this difference between the two methods the validity of Baughan's assumption, while essential to Gurney's treatm ent, does not establish the latter which requires independent verification. There are, however, three reasons for disputing Baughan's claim th a t the values of the heat capacity changes can be calculated electrostatically:
(1) The values he uses for the heats of ionization are those given by Harned and his coworkers and our recalculated values do not usually agree with these.
(2) The dielectric constant data used by Baughan are those of Akerlof (1932) which differ from the more recent data of W yman and Ingalls (1938) .
(3) The ionic radii required to make the theory fit the results are very small. We find th a t when we use what are, in our opinion, better values of the heats of ionization and of the dielectric constant, the ionic radii are still further reduced and it is not possible to account for the data for any single equilibrium without making the ionic radii vary with temperature.
The data presented in this paper strain the electrostatic interpretation even more. If we combine the dissociation of the trimethylammonium ion with the ionization of formic acid, we obtain the ionic equilibrium N(CH3)3 + HCOOH = NH(CH3)3 + + HCOOfor which ACp = -85*2 cal./deg. and Zl$£98.i = -2-0 cal./deg. From the thermodynamic relation ACp -T .d(AS)/dT it is evident th a t become positive below a temperature of about 17° C and, consequently, Gurney's treatm ent fails completely. On the other hand, the mean ionic radius required to account for the value of ACp is less than 0*3 A.
The present position with regard to the interpretation of the tem perature coefficients of ionic equilibrium constants can be stated briefly as follows. The simple electrostatic theory fails to account for the entropy changes and, on any reasonable assumptions, can account for only a fraction of the change in heat capacity. Orientation effects have been shown by Eley and Evans (1938) to be responsible for a large part of the entropy of solution of an ion, and Everett and Coulson (1940) have shown th a t orientation of solvent molecules also contributes substantially to the heat capacity of an ion. Our results show that, for equilibria involving neutral molecules as well as ions, the heat capacities of the neutral molecules cannot be ignored.
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A problem which has often excited interest is that of the relative strengths of ammonia and the various alkylamines. I t is well known th at the intro duction of successive alkyl groups into ammonia increases the basic strength, but the trialkylamines are always weaker than the dialkylamines. Examination of the data in methyl and ethyl alcoholic solvents showed th a t the order of acid and basic strength depends upon the solvent (WynneJones 1933), and it was suggested th at a measure of the intrinsic strengths of acids and bases could be obtained by extrapolating the relative strengths to infinite dielectric constant. It appeared likely th at the order of intrinsic strengths of ammonia and the methylamines might then become NH 3 < NH 2(CH3) < NH(CH3)2 < N(CH3)3.
In our discussion of the thermodynamics of acid-base equilibria we considered the relative strengths of various related acids and tentatively suggested that, whereas AH0 could have no fundamental significance, the relative values might be regarded as measure of the intrinsic strengths of the acids involved. In figure 4 functions for the dissociation of the ammonium and methylammonium ions and it is clear th a t only the heat and free energy changes a t room tem perature are anomalous. Furthermore, by plotting (log iTmono -lo g Z di ) against temperature as shown in figure 5 , the relative acid strength of mono-and dimethylammonium ions is seen to be reversed a t only -10° C.
From the values of AH0 the acid strengths of the various ammonium ions, and hence also the basic strengths of the amines, are seen to vary continuously from ammonia to trimethylamine, bu t the order is the reverse of th a t given above. The discrepancy between the two methods of estimating intrinsic strength cannot be resolved until we have temperature coefficient data for other solvents and clearer understanding of the meaning of AH0.
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